Abstract. Well-preserved mid-late Holocene coral reefs are exposed in low coastal cliffs in the vicinity of the Madang lagoon on the north coast of Papua New Guinea. Results from U/Th and •4C dating of corals, surveying, and field mapping indicate several major changes in relative sea level over this period. Specifically, there is evidence for a relative sea level fall of > 4.5 rn about 3000 calendar years B.P., followed by relative sea level rises of-1.5 rn about 2400 calendar years B.P. and > 0.5 rn about 1200 calendar years B.P. and a subsequent relative sea level fall of > 3 rn some time in the past 1000 years. Since regional eustatic sea levels are believed to have been dropping gradually over this time frame, these observed changes in relative sea level are interpreted as reflecting alternating tectonic uplift and subsidence. Furthermore, the detailed structure and age relationships of the coral deposits indicate that both uplift and subsidence occurred rapidly, most probably as coseismic events with vertical displacements of 0.5 to 4.5 m. These events may be related to rupture on NW-SE trending reverse faults which have been mapped in the nearby Adelbert Range and possibly on NE trending cross faults which have been inferred from seismicity. This interpretation implies a much greater degree of tectonic instability and potential seismic hazard in the region than previously recognized, although the inferred coseismic vertical displacements are shown to be consistent with present-day local seismicity. In a broader context, the study illustrates how detailed analysis of vertical changes in coral reef structure and assemblages may be used as a sensitive indicator of changing relative sea level, capable of resolving century timescale events and reversals.
. Alternatively, when vertical movements of the land are well known, reefal evidence may be invoked to reconstruct eustatic sea level, for example, due to the growth and decay of highlatitude ice sheets over the late Quaternary [e.g., Chappell, 1974; Chappell and Shackleton, 1986; Chappell et al., 1996b] . In this study, we adopt the first of these two approaches, presenting evidence for vertical movements of the land in the area of Madang on the north coast of Papua New Guinea over the past 3000 years. In particular, we focus on evidence for rapid and high-magnitude subsidence and uplift events in a context of relatively slow net tectonic uplift.
Regional Tectonic Setting
Northern Papua New Guinea has a complex tectonic setting due to rapid and oblique convergence of the West Pacific and Australian Plates (Figure 1 ). The region experiences extensive seismic and volcanic activity, and along considerable stretches of the mainland coast, net tectonic uplift has led to the subaerial exposure of Quaternary reef sequences. These raised reefs are particularly well developed on the Huon Peninsula, where average uplift rates of up to 3.5 mm/yr have prevailed for at least the past 300,000 years [Chappell, 1974] .
The study area near Madang is part of the collision zone between the Finisterre Terrane and the Australian continent (see Abbott [1995] for a review). This collision began in 13, 797 Miocene-Pliocene time and is ongoing. The Finisterre Terrane is composed of two distinct blocks: the Adelbert block (largely synonymous with the Adelbert Range) and the Finisterre block (largely synonymous with the Finisterre Range). These two blocks may be separated by a NE trending cross fault which runs through Astrolabe Bay (Figure 1) Abbott [1995] suggested that collision of the Finisterre block was orthogonal with continental material on both sides, resulting in high uplift, while the collision of the Adelbert block may have been "soft" because of the presence of a trapped piece of oceanic crust between the Adelbert block and the continental margin [Milsom, 1981] . This soft collision has resulted in lower rates of uplift. For example, Mioceneage Gowop limestone is at 1600 m elevation atop the Adelbert Range and at 4000 m in the Finisterre Range [Robinson et al., 1976; Jaques and Robinson, 1980] . Therefore vertical tectonic displacement in the study area may be influenced both by the mapped NW trending reverse faults in the Adelbert Range which trend toward the Madang lagoon and also by postulated north or NE trending cross faults such as that presumed to have ruptured during the 1970 Madang earthquake whose epicenter was in Astrolabe Bay (Figure 1) , [Everingham, 1975; Abers and McCaffrey, 1994] . Well preserved Holocene raised reef deposits form a lowlying coastal plain on the mainland and form islands of up to a few meters elevation on the outer barrier reef and on top of some midlagoon patch reefs. These deposits are particularly well exposed in an actively eroding 2-3 m high cliff which occurs along much of the mainland coast and around some islands (Figure 3) . In some locations there is a second, smaller and less well exposed, cliff a few tens of meters inland which steps up a further 1-2 m. These two cliffs have been previously recognized by Panzer [1933] and by Stoddart [ 1972] . Throughout the rest of this paper they are referred to as the "lower coastal cliff" and "upper coastal cliff" respectively. A detailed investigation of the age, composition, and internal structure of the lower and better exposed of the two cliffs lbrms the focus for the present study.
Inland from the coastal cliffs is a low-lying plain with limited exposure of the underlying substrate. However, at a few localities, reef limestones outcrop at elevations ranging from a few meters up to about +80 m and at distances up to 4 km Observations were made on the composition and structure of corals within the exposed cliffs. In particular, the occurrence of massive corals with a flat-topped or more complex microatoll morphology was documented to help elucidate the past relative sea level history of the area. Samples of in situ massive Porites, Goniastrea aspera and Favia favus corals were collected for U/Th and 14C dating. These coral samples were inspected under binocular microscope for evidence of recrystallization, and only those which appeared pristine were taken for dating. Samples collected for U/Th dating were further examined by quantitative X-ray diffraction to assess mineralogy, and only corals with <1% calcite were subsequently dated.
U/Th dating of the coral samples was achieved at Edinburgh University by alpha spectrometry using silicon surface barrier detectors, following the methodology of Veeh [1966] . Complete dissolution of 2-5 g of sample was followed by ion exchange separation and electrolysis to prepare separate U and Th sources. A mixed spike of 232U and 228Th was used to determine isotopic activities of the 232Th, 230Th ' 238U, and 234U Figure 5 presents a plot of age versus elevation of the dated corals and a relative sea level curve labeled with uplift and subsidence events. For comparison, and to aid with reconstruction of trends in relative sea level during periods of inferred tectonic stability, the estimated relative sea level for Madang due to glacial isostatic adjustment [Peltier, 1998 ] is also indicated. Although the current study focuses on evidence from the two coastal cliffs, the starting point for this discussion of vertical movements of the land is the single date of-5500 calendar years B.P. from a coral at +2.2 m elevation at the inland Jais Aben access road site. Unfortunately, it is not possible for us to accurately constrain relative sea level for this period since no coral microatolls were observed in this exposure. Nonetheless, the coral assemblages are suggestive of growth in relatively shallow water, which leads us to speculate that relative sea-level was probably between about 3 and 6 m above present. acterized by continental crust in both plates; therefore the deformation signal associated with large-earthquake cycles may not be well characterized by models proposed for subduction of oceanic crust, a point emphasized by Cohen (1994). Therefore, we must be tentative in drawing tectonic implications from our observations. We can use present-day seismicity reported in the Catalogue of the International Seismological Centre (ISC) to estimate return times for earthquakes capable of generating meter-scale coseismic displacements. Figure 6 shows cumulative and discrete body wave magnitude (mb) versus frequency plots for shallow (ISC depth <60 kin) earthquakes within 100 km of Madang for the period 1964-1993. This 100 km radius is the region within which a large (say, m• 7.0 or greater) thrust earthquake may be expected to significantly influence vertical displacement in our field area. The familiar Gutenberg-Richter linear relationship is observed in the cumulative data between m• 4.5 and m• 6.0. Below this range the data set is inferred to be incomplete, and the nonlinearity above m• 6.0 implies a magnitude limit above which either earthquakes do not occur in this region or our time period is insufficient (causing either a deficit or excess at large magnitudes; see below). The cumulative data between these magnitude limits give a seismic b value of 1.48.
We know that earthquakes of mb 7.0 have occurred in northern Papua New Guinea, although there is no seismic evidence of larger magnitudes. Since seismic moment, and hence displacement, is dominated by the largest-magnitude earthquakes in a region, we choose to estimate the return time of an earthquake of mr, 7.0. Extrapolation of our b value line to mr, 7.0 infers 0.1 earthquakes of this magnitude or above in 30 years, giving a return time of 300 years. It is well known that ISC magnitudes are subject to various sources of bias. However, use of maximum-likelihood body wave magnitudes computed by the method of Lilwall [1987] to reduce these biases yields a similar return time.
This estimation of return time for seismic events capable of producing meter-scale uplift and subsidence necessarily embodies several assumptions, each of which is open to conjecture. The most important of these are that the maximum body wave magnitude achieved in this region is >7.0 and that thrust earthquakes dominate the seismicity in the 100 km radius zone of interest. Furthermore, the seismic b value of 1.48 is high, which may imply a deficit of large-magnitude earthquakes during the sampling interval. If the true b value is smaller (i.e., in the usual range of 0.8-1.2), then our return time estimate of 300 years is too high. On the other hand, it may be that a magnitude greater than mr, 7.0 is required to effect meter-scale uplift in this type of tectonic setting, in which case our estimated return time is too short. For example, Berryman [1996] used dislocation modelling of the geometry of the thrust earthquake zone under the Huon Peninsula to deduce that magnitude mr, 7.9-8.3 earthquakes were required to produce 1-4 m uplift events. Despite these uncertainties the seismic evidence is entirely consistent with the proposed coseismic origin for the relative sea level variations reported here.
Recognition of intermittent subsidence has several wider implications. First, it may help explain the apparent discrepancy between the rapid late Holocene net uplift rates (e.g., > 1 mm/yr) and the lack of an elevated flight of late Quaternary raised reef terraces analogous in extent and elevation to those exposed on the Huon Peninsula. That is, the tectonic setting of Madang appears to be such that intermittent subsidence events partially offset the effects of uplift events. Second, the potential for coseismic subsidence implies a greater latent hazard to coastal communities in the region than might be assumed from simple consideration of the evidence of longerterm net tectonic uplift. Third, the study illustrates how detailed analysis of raised reef deposits may be used to reconstruct rapid and alternating relative sea level changes with a temporal resolution of a few centuries over thousands of years. In situations of stable eustatic sea level these may be interpreted in terms of tectonic displacements, whereas in regions of tectonic stability they may be interpreted in terms of eustatic sea level change. Finally, in a broader geological context the Madang reefs illustrate that intermittent reversal of a general tectonic trend can exert a profound control on the sedimentary architecture, evolution, and, therefore, facies of the accumulating deposit.
